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ABSTRACT
The performance of a new ultrasound transducer, which can measure velocity profiles non-invasively through high-grade 
stainless steel pipes, was evaluated for the first time with secondary wastewater sludges. This work is a follow-up study on 
the feasibility work initially done by the same authors. In-line process control based on accurate rheological characterisation 
for treated wastewater sludge could lead to significant savings in chemicals and will optimise dewatering processes 
producing drier sludges. In this work, a wastewater sludge at three concentrations was tested in order to investigate the 
capabilities of the in-line ultrasound technique for different viscosities and fluid properties. The rheological parameters 
obtained using the new ultrasound sensor and ultrasonic velocity profiling with combined pressure difference (UVP + PD) 
technique were compared with results obtained using conventional tube viscometry. Comparison with tube viscometer 
results showed that yield stresses could be overestimated by 120% if data are not available in the low shear-rate ranges. This 
non-invasive transducer proved to be sensitive enough to obtain flow curves over a large shear-rate range, improving the 
prediction of the yield stress and requiring about 50% less energy than the invasive system.
Keywords: ultrasonic velocity profiling, UVP + PD methodology, sludge rheology, non-Newtonian, tube 
viscometry, non-invasive, sludge dewatering
INTRODUCTION
Ultrasonic velocity profiling (UVP) is a proven and arguably the 
best technique for flow visualisation in industrial fluids. This is 
because industrial fluids, including wastewater sludges, exhibit 
wide particle size distributions, large particle sizes, very high 
viscosities and more importantly are opaque. This limits other 
practical techniques that are, e.g., based on visible light, such 
as laser Doppler anemometry (LDA). It is almost impossible to 
conduct flow measurements at all in such fluids with optical 
techniques. The UVP working principle and applications are well 
described in several scientific publications, see e.g. Takeda (1991, 
1996), Jensen (1996), Povey (1997) and Powell (2008).
Tube viscometry offers the possibility of in-line rheological 
measurement for process control opposed to methods that are 
off-line. Attempts to develop process control protocols using 
off-line rotational viscometry were made recently (Piani et al., 
2014). Tube viscometry offers the possibility for in-line rheolog-
ical measurement but one can only obtain one point on a flow 
curve at one flow rate, whereas with the UVP + PD method 
(discussed in more detail in Materials and Experimental 
Methods) a complete flow curve can be created from one veloc-
ity profile. Another limitation is also the low shear-rate ranges 
that can be obtained. When designing or monitoring processes 
it is important to measure the rheological properties over the 
correct shear-rate ranges. Typical shear-rate ranges are pre-
sented in Table 1 (Alderman and Heywood, 2014a, 2014b).
In a recent study, Kotzé et al. (2014a) investigated and pre-
sented an ultrasonic velocity profiling combined with pressure 
difference (UVP + PD) methodology for in-line rheological 
characterisation of a wastewater sludge. Feasibility tests were 
carried out using delay line and standard ultrasound transduc-
ers as well as different sensor installation techniques. It was 
possible to measure detailed flow behaviour for a viscous waste-
water sludge using the delay line transducer setup. Rheological 
parameters obtained from the velocity profile measurement 
using the delay line transducer showed good agreement with 
tube viscometry (within 15% over the same shear-rate range). 
Although good qualitative velocity profiles could be meas-
ured using the delay line transducer, it was still not possible to 
penetrate beyond the pipe radius. This was due to the delay line 
material absorbing ultrasonic energy which prevents measure-
ments in larger pipe diameters in attenuating fluids. Kotzé et al. 
(2014a) concluded that initial results obtained in a concentrated 
sludge suspension showed that the UVP + PD methodology 
is a feasible and promising technique for flow visualisation 
and rheological characterisation in the wastewater engineer-
ing and treatment industry. However, an important limitation 
was that the transducer installation (delay transducer setup) is 
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TABLE 1
Typical shear rate ranges encountered in slurry processes
Application Shear rate (s-1)
Belt filter press 1 to 10
Pipeline flow 1 to 1 000
Scroll centrifuge 10 to 100
Mixing and stirring 10 to 1 000
Pumping 100 to 1 000
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not non-invasive. This means that the transducer front will be 
subjected to harsh industrial conditions and the surface could 
wear over time which will influence measurements. A setup 
capable of measuring through high-grade industrial steel would 
ultimately be required for successful implementation of the UVP 
+ PD methodology under industrial conditions.
A new advanced ultrasonic sensor capable of complete 
non-invasive and accurate measurements through high-grade 
stainless steel was recently developed. The sensor unit consists 
of several components such as a high-power ultrasound trans-
ducer, wedge, attenuator as well as different couplant materials. 
The configuration provides optimum acoustic beam properties, 
such as, beam forming, focusing and coupling. More informa-
tion can be found in Wiklund et al. (2014) and Kotzé et al. 
(2014b).The objective of this research work was to evaluate the 
non-invasive ultrasound sensor and UVP + PD technique for 
in-line rheology measurement of wastewater sludge. Three con-
centration secondary wastewater sludges were tested in order to 
investigate the capabilities of the in-line ultrasound technique 
for different viscosities and fluid properties. The rheological 
parameters obtained using the new ultrasound sensor and UVP 
+ PD technique were compared with results obtained using 
conventional tube viscometry. 
Theoretical considerations
This section briefly describes non-Newtonian flow and the 
associated rheological parameters that were used to character-
ise the sludges tested in this work. (See appendix for notation). 
The equation for the Herschel-Bulkley model to determine 
shear stress is as follows:
τ = τy + K(y
.)n, (1)
where: K, n and τy are the consistency index, flow behaviour 
index and yield stress, respectively (Chhabra and Richardson, 
2008). These parameters can be obtained by using a curve-
fitting procedure. Eq. 1 can be integrated to give the velocity (v) 
profile across the pipe radius (R):
v =  (  n _____ (1 + n) )  (  ∆P ____ 2LK )  
1 __n …
 (  (R – Rplug) 1 +  1 __n –  (r – Rplug) 1 +  1 __n ) , (2)
where: Rplug is the plug radius and is related to the fluid yield 
stress according to:
Rplug =  
2Lτy ____∆P  (3)
In a tube viscometer the relationship between wall shear 
stress τw, the volumetric flow rate Q and the shear stress τ is as 
follows:






τw =  
R __2  ( – ∆P ___L ) and  ( – ∆P ___L ) is equal to the pressure drop per 
unit length of tube.
The shear stress at any radial position (r) is:
τ =  r __ 2  ( – ∆P ___L ) (5)
A plot of  Q ___ πR3 vs τw will give a unique line for a given material for 
all values of R and   ( – ∆P ___L ) (Chhabra and Richardson, 2008).
As the values of 8V/D are wall shear rates for Newtonian 
fluids, these pseudo shear rates have to be transformed to true 
shear rates (y.).
According to Chhabra and Richardson (2008) a flow curve 
of unknown form (Eq. 4) will yield, after some manipulation, 
the following:
 ( – dv __dr ) 0 =  8V ___D (  3 __4 +  1 __4dlog(8V/D) ________dlogτw  ) (6)
This equation exists in various forms, one being the 
Rabinowitsch-Mooney equation:
y.w =  ( – dv __dr ) w =  8V ___D (  3n´ + 1 ______4n´ ) (7)
where: 
n´ =  
d(logτw) __________ d(log(SV/D)) (8)
This was used to transform the tube viscometer pseudo shear 
rates to true shear rates. 
The Herschel-Bulkley model can easily be modified to 
describe the power-law and Bingham plastic models. For 
the power law model the yield stress becomes 0 and for the 
Bingham model n = 1 (Chhabra and Richardson, 2008). The 
identification of the transition between laminar and turbulent 
flow is of great importance because the fluid flow behaviour 
changes fundamentally at the transition zone. Slatter and 
Lazarus (1993) formulated a Reynolds number (Re2) for non-
Newtonian pipe flow (assumed plug-flow):
Re2 =  
8ρV2
 ________ 




Note that in order to calculate rheological parameters all veloc-
ity profiles were measured in laminar flow. Equation 9 was used 
as an indication of the flow regimes in which tests were con-
ducted in this work. The rheological parameters (n, K, τy) first 
need to be obtained to calculate Re2. This was done by fitting of 
rheological models (Eq. 1) onto the experimental data. In this 
work the rheological parameters obtained from the UVP + PD 
method was used to determine the Reynolds number.
MATERIALS AND METHODS
Material
Secondary sludge filter cake from a filter belt press at Potsdam 
wastewater treatment plant (WWTP) was diluted to 3 con-
centrations that were tested in the tube viscometer fitted with 
the UVP + PD system. The approximate concentrations of the 
sludge were 6.8%, 5.1% and 4.3%.
UVP + PD flow loop and tube viscometer
The pipe rig used was slightly modified from the one used in 
Kotzé et al. (2014a). The rig consisted of two polyvinyl chlo-
ride (PVC) pipes with inner diameters of 63.2 and 22.5 mm. A 
stainless steel pipe (316L) with an inner diameter of 48.4 mm 
was installed and was used for the non-invasive UVP + PD 
tests. Only the larger pipes (63.2 and 48.4 mm) were used for 
tube viscometry tests to obtain sufficiently low shear rates. The 
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velocity profile. The shear stress at the wall is obtained from 
simultaneous measurement of the pressure difference (ΔP) 
over a fixed distance (L). Finally the complete rheogram can be 
obtained by combining the shear rate and shear stress experi-
mental data. Figure 2 describes the basic principle of the UVP + 
PD methodology.
Measurements such as real-time velocity profiles, complex 
rheological parameters (e.g. yield stress) and complete flow 
curves can be made non-invasively. The UVP + PD methodol-
ogy was successfully tested in several industrial fluids ranging 
from food products, mineral suspensions, cement grouts as well 
as cosmetic products (Wunderlich and Brunn 1999; Dogan et 
al., 2005; Pfund et al., 2006; Birkhofer et al., 2008; Wiklund and 
Stading, 2008; Fock et al., 2009; Wassell et al., 2010; Wiklund et 
al., 2007, 2010, 2012; Kotze et al., 2008, 2012, 2013).
RESULTS AND DISCUSSION
Sludge 1: 6.8% w/w
Figure 3 shows a measured velocity profile in 6.8%, w/w 
respectively wastewater sludge and the corresponding Doppler 
spectrum across the pipe diameter. An average of 22 velocity 
flow rate was varied, and at each flow rate a corresponding pres-
sure drop and flow meter reading was recorded for each pipe 
separately. These were then converted to shear stress and true 
shear rates and plotted on the same graph (rheogram), using 
Eqs 5–8. In order to obtain rheological parameters for further 
comparison with the UVP + PD method a rheological model 
(Eq. 1) was fitted onto the experimental data. The procedure 
and method for obtaining accurate in-line tube viscometry 
data is discussed in detail by Chhabra and Richardson (2008). 
The pipe rig was fitted with a thermocouple (accuracy ±1°C) 
and a 50 mm electromagnetic flow meter (Krohne Optiflux 
4000). Pressure measurements were conducted using differen-
tial pressure transducers (Fuji Electric) with maximum ranges 
of 0–6 kPa and 0–130 kPa and an accuracy of ±0.25%. The 
complete pipe viscometer setup is described in more detail in 
Haldenwang et al. (2010, 2012) and Kotzé et al. (2014a). 
A non-invasive ultrasound sensor unit (Flow-Viz, Sweden, 
Gothenburg, www.flow-viz.com) was installed onto the 48.4 mm 
stainless steel (316L) pipe for non-intrusive Doppler measure-
ments in the sludges. Figure 1 shows a schematic diagram of the 
flow loop fitted with the Flow-Viz instrumentation.
The UVP + PD concept and methodology is well described 
in several publications; see, e.g., Wiklund et al. (2007), Kotzé 
et al. (2008, 2012, 2014b) and Birkhofer et al. (2008); and will 
therefore not be described in detail in this article. A brief 
description is given in the next section.
The UVP + PD methodology
The UVP + PD methodology is based on the traditional tube 
viscometry concept, but with an important advantage. The 
complete shear rate distribution is obtained from a single mul-
tipoint velocity profile measurement of fluid flow in the pipe. 
In this work velocity profiles were measured using a 2 MHz 
non-invasive ultrasound sensor. The methodology does not use 
the volumetric flow rate in order to obtain a single shear-rate 
value. Furthermore, the measured velocity profile has informa-
tion about the true shear-rate distribution and therefore does 
not have to be converted afterwards, as in the case with tube 
viscometry where pseudo shear rates are obtained. The shear 
rate can be directly obtained by differentiation of the measured 
Figure 1
Schematic illustration of the tube viscometer and in-line UVP + PD equipment (adapted from Kotzé et al., 2014a)
Figure 2
Illustration of the UVP + PD working principle
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profiles (total measurement time 0.6 s) were taken and the 
velocity resolution was 39 mm∙s-1. The flow rate was 5 ℓ∙s-1 and 
the non-Newtonian Reynolds number (Re2) was 1 466 (laminar 
flow). The non-invasive sensor could measure a velocity profile 
well beyond the pipe radius of 0.0242 m, as shown in Fig. 3, 
where the broken line is the pipe radius (centreline). The emis-
sion voltage was set to 90 V, and 256 pulse repetitions were used 
(the same settings were used for all measurements). Kotzé et al. 
(2014a) used an emission voltage of 150 V and number of pulse 
repetitions of 512 in order to measure a velocity profile across the 
pipe radius (when using the delay line sensors). This means that 
almost double the energy input and number of ultrasound pulse 
emissions for one profile was needed. A higher number of ultra-
sound pulse repetitions is typically required for measurements in 
low signal-to-noise ratios due to ultrasound energy attenuation 
and low input energy. This requirement was effectively reduced 
by half when using the new non-invasive sensor. Considering 
that measurements were also made through high-grade stainless 
steel, it can be concluded that the non-invasive sensor perfor-
mance was excellent. This particular Doppler spectrum (Fig. 3) 
shows that a good penetration depth was possible (no significant 
energy losses and noise present) and that no signal artefacts were 
present (e.g. no prominent spikes in the measured profile).
Note that the magnitudes of the velocity profile do not 
decrease beyond the pipe radius. This is due to reflections of 
the ultrasonic wave from the opposite pipe wall and is typically 
called reflected wave effect. This effect is strongly dependent on 
the attenuation of the ultrasound in the medium, and on the 
Doppler angle, tube diameter and acoustic properties of the 
pipe wall material. The energy of the reflected ultrasonic signal 
can be sufficient to generate an additional echo signal. The 
additional echo signal will contribute to an additional portion 
of the visualised velocities being shown on a depth distance 
that overshoots the pipe diameter. Therefore, it is very common 
to obtain non-zero velocities and apparent constant plug behav-
iour toward the far pipe wall, as shown in Fig. 3, with fluid 
systems containing a large amount of scattering particles.
Figure 4 shows the experimental profile (circles) and fitted 
solution (solid line, Eq. 2). Only the experimental data across 
the pipe radius are used for fitting. From the fitting procedure 
the rheological parameters are obtained. A flow curve was then 
constructed using Eq. 1 and is shown in Fig. 5 together with 
tube viscometer data.
A Bingham plastic model was assumed for the tube vis-
cometer data since there were no data available at the low shear 
rate region. This was because of pumping limitations as well as 
pressure sensor limits at very low flows during the tube viscom-
etry tests.
An error band of ±10% was calculated from the fitted 
Bingham equation and is represented by the striped lines in 
Fig. 5. Recall that Eq. 1 can easily be modified to represent the 
Bingham or power-law rheological model. It can be observed 
that results are in good agreement (within 10%) with each other 
between the shear rates 200 to 800 s-1. It should also be noted 
that the rheology of the sludge was constant during the tube 
viscometry tests, which lasted up to 30 min (for one complete 
rheogram), as no significant fluctuations in the shear stress 
readings were observed. The shear rate and shear stress results 
from the two test pipes of different diameters were co-linear. 
Note that data points at zero shear rate are presented for 
the UVP + PD method. The reason for this is that actual data 
points were recorded within the plug flow region (Fig. 4). From 
Fig. 4 it can also be observed that non-zero velocity is present at 
the pipe wall. The reason for the non-zero velocity is the finite 
ultrasound sample volume overlapping with the pipe wall and 
fluid flow region (convolution effect). More detailed informa-
tion can be found in Kotzé et al (2012) and Kotzé et al. (2013).
An important advantage of using the UVP + PD method is 
that viscosity data are measured over the complete shear-rate 
distribution of the fluid flow. The minimum and maximum 
limits of the shear-rate range depend on the flow rate (wall 
shear rate). The number of points on the rheogram depends on 
the spatial resolution of the velocity profile measurement, i.e., 
the number of local point velocity measurements across the 
pipe radius. Based on the results obtained using the UVP + PD 
method (Figs 4–5), it is clear that the wastewater sludges show 
Figure 3
Doppler spectrum and velocity profile across pipe diameter in 
wastewater (concentration 6.8% w/w, flow rate 5 ℓ∙s-1)
Figure 4
Experimental vs. fitted theoretical profile (analytical solution, 6.8% w/w 
wastewater sludge)
Figure 5
Sludge rheology comparison between tube viscometry and UVP + PD for 
6.8% w/w wastewater sludge
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a more shear thinning behaviour at the lower shear rates (< 200 
s-1). The rheological parameters (fitted) are shown in Table 2. 
Sludge 2: 5.1% w/w
A measured velocity profile in 5.1% w/w wastewater sludge and 
corresponding Doppler spectrum across the pipe diameter is 
shown in Fig. 6. The velocity resolution for this measurement 
was 26.9 mm∙s-1 (average of 22 profiles, total measurement time 
0.92 s). Recall that previously the total measuring time was 0.6 
s for the same number of measured profiles. This is because the 
time resolution (time for one profile) is linked to the ultrasound 
pulse repetition frequency (PRF). For higher flow rates a higher 
PRF is required and vice versa. The flow rate for this measure-
ment was 3.2 ℓ∙s-1 and the flow was laminar (Re2 = 1633). The 
Doppler spectrum in Fig. 6 shows that there was a good signal-
to-noise ratio during the measurements, which was expected 
due to the lower concentration of the sludge (less ultrasound 
energy attenuation). The reflected wave effect is also present in 
this spectrum (constant plug behaviour beyond pipe radius).
The experimental profile and fitted solution (Eq. 2) is shown 
in Fig. 7 (across the pipe radius). Note that the plug radius is 
lower than when compared to the 5.1% wastewater sludge. This 
was expected due to the lower concentration of solids. 
The resulting rheogram (Eq. 1) together with tube vis-
cometer data are shown in Fig. 8. The rheological parameters 
obtained from the fitting procedure are shown in Table 2. The 
error band of ±10% was calculated from the fitted Bingham 
equation (broken lines, Fig. 8). From Fig. 8 it can be seen that 
the UVP + PD and tube viscometry rheometric data are within 
10% (over the same shear rate range).
Sludge 3: 4.3% w/w
A measured velocity profile in 4.3% w/w wastewater and cor-
responding Doppler spectrum is shown in Fig. 9. The velocity 
resolution for this measurement was 28.7 mm∙s-1 (average of 22 
profiles, total measurement time 0.84 s). The flow rate for this 
measurement was 3 ℓ∙s-1 and the flow was laminar (Re2 = 1 897). 
The Doppler spectrum in Fig. 9 shows that there was a 
good signal-to-noise ratio during the measurements, which 
was expected due to the low concentration of the sludge, and 
reflected wave effect was also present in this measurement.
Figure 10 shows the measured velocity profile (across pipe 
radius) with the fitted profile and Fig. 11 shows the rheology 
Figure 6
Doppler spectrum and velocity profile across pipe diameter in 
wastewater sludge (concentration 5.1% w/w, flow rate 3.2 ℓ∙s-1)
Figure 7
Experimental vs. fitted theoretical profile (analytical solution, 5.1% w/w 
wastewater sludge)
Figure 8
Sludge rheology comparison between tube viscometry and UVP + PD for 
5.1% w/w wastewater sludge
Figure 9
Doppler spectrum and velocity profile across pipe diameter (wastewater 
sludge concentration 4.3% w/w, flow rate 3 ℓ∙s-1)
comparison between tube viscometry and UVP + PD with + - 
10% error bars (error from tube viscometer).
Comparison of rheological parameters obtained
Table 2 shows the summary of rheological parameters obtained 
using UVP + PD and conventional tube viscometry. The major 
difference between the two methods used is evident in the yield 
stress values obtained from post-processing the data obtained 
from instruments. Note that since there were no tube viscom-
eter data available in the low shear rate region (< 200 s-1), a 
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Bingham plastic behaviour was assumed (n = 1). The UVP + 
PD measurement covers the complete shear rate distribution 
from zero to the maximum shear rate, which is the wall shear 
rate at a particular flow rate (e.g. from Fig. 5, max UVP + PD 
shear rate at 5 ℓ∙s-1 = 568 s-1). The fact that the flow curve shows 
curvature at shear rates lower than 200 s-1 indicates that the 
sludges could be better characterised as Herschel-Bulkley or 
yield pseudoplastic fluids. The yield stress obtained from the 
Bingham model fitted to the tube viscometer data was 82%, 
78% and 120% higher for the 6.8%, 5.1% and 4.3% w/w sludges, 
respectively. It must be stressed that although the rheological 
parameters (K, n, τy) are not in close agreement, the viscosities 
are still within 10% for shear rate ranges greater than 200 s-1 for 
each concentration of wastewater sludge. These results empha-
sise the importance of making rheological measurements over 
the shear-rate range that is applicable for a specific operation. 
Having the correct information at the low shear-rate region 
is important for accurate characterisation and monitoring of 
sludges in wastewater treatment applications. The shear rate 
range in a filter belt press, for example, ranges from 1 to 10 s-1. 
The viscosities of the sludge are also influenced by the polymer 
(chemical) dosages. Extrapolating from high shear-rate data 
to obtain the lower shear-rate range and yield stress will be 
detrimental to design and on-line monitoring. The UVP + PD 
approach is therefore much more appropriate.
Figure 12 illustrates that the UVP + PD method is able to 
detect variations in viscosity and shear thinning behaviour 
due to changes in solids concentrations. Minor changes in fluid 
velocity profiles can be measured and therefore the rheological 
changes of fluids.
It can be seen from Fig. 12 that there is good agreement 
between the two methods over the same shear rates; however, 
the UVP + PD method measures shear stresses at much lower 
shear rates. If the tube viscometer were used as an in-line 
instrument only the single points on each graph would be 
obtained. These points are the flow rates/shear rates at which 
the UVP profiles were measured and are shown by the black 
crosses.
CONCLUSIONS AND RECOMMENDATIONS
The performance of a new ultrasound transducer, which can 
measure velocity profiles non-invasively through high-grade 
stainless steel pipes, was evaluated for the first time with 
secondary wastewater sludges. The energy requirement for the 
non-invasive ultrasound transducer was about 50% less when 
compared with the invasive delay line transducers (emission 
voltage 90V vs. 150 V and number of pulse repetitions 256 vs. 
512). The Doppler spectra showed that good penetration depth 
was possible through the high-grade steel pipe wall as well as 
good signal-to-noise ratios for all of the sludge concentrations 
tested. Comparison of rheological parameters obtained from 
Figure 10
Experimental vs. fitted theoretical profile (analytical solution, 4.3% w/w 
wastewater sludge)
Figure 11
Sludge rheology comparison between tube viscometry and UVP + PD for 
4.3% w/w wastewater sludge
TABLE 2

















6.8 0.420 0.70 10.89 0.0426 1 19.80 82
5.1 0.126 0.78 4.77 0.0230 1 8.43 78
4.3 0.340 0.59 2.00 0.0242 1 4.40 120
Figure 12
Sludge rheology comparison UVP + PD
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the velocity profile, and the subsequent flow curves devel-
oped from these parameters with that obtained in the tube 
viscometer, revealed significant curvature of the rheogram at 
shear rates lower than 100 s-1. The extrapolation of the tube 
viscometer data below 100 s-1 (where no data were obtained) 
using a Bingham plastic model, resulted in yield stress predic-
tions as high as 120%, more than that measured with the UVP. 
At higher shear rates a difference of only 10% was obtained 
between the two methods. Since the UVP + PD system is suf-
ficiently sensitive to obtain flow curves over a large shear-rate 
range, including the low shear-rate range, one can now deter-
mine the rheology of sludges in-line and in real-time. This has 
huge potential for process control in the wastewater treatment 
industry. The next challenge is to apply the technology to moni-
tor the change in rheology of sludges in real-time in, for exam-
ple, a filter belt press in order to optimise the polymer dosing to 
obtain a drier sludge cake. 
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APPENDIX:
Notation used in this article
A total area (m2)
D pipe inner diameter, (m)
K fluid consistency index (Pa∙sn)
L unit length (m)
ℓ litre 
n flow behaviour index (dimensionless)
Q volumetric flow rate (ℓ∙s-1)
r radial position (m)
R pipe radius (m)
Rplug plug radius (m)
u, v velocity (m∙s-1)
ΔP pressure drop (Pa)
Re2 Reynolds number (dimensionless)
Rplug Plug radius (m)
V bulk velocity (m∙s-1)
Greek letters
τ shear stress (Pa)
τy yield stress (Pa)
ρ density (kg∙m-3)
γ. shear rate (∙s-1)
